Megacystis Microcolon Intestinal Hypoperistalsis Syndrome (MMIHS) is a rare congenital disorder, in which heterozygous missense variants in the Enteric Smooth Muscle actin γ-2 (ACTG2) gene have been recently identified. To investigate the mechanism by which ACTG2 variants lead to MMIHS, we screened a cohort of eleven MMIHS patients, eight sporadic and three familial cases, and performed immunohistochemistry, molecular modeling and molecular dynamics (MD) simulations, and in vitro assays. In all sporadic cases, a heterozygous missense variant in ACTG2 was identified. ACTG2 expression was detected in all intestinal layers where smooth muscle cells are present in different stages of human development. No histopathological abnormalities were found in the patients. Using molecular modeling and MD simulations, we predicted that ACTG2 variants lead to significant changes to the protein function. This was confirmed by in vitro studies, which showed that the identified variants not only impair ACTG2 polymerization, but also contribute to reduced cell contractility. Taken together, our results confirm the involvement of ACTG2 in sporadic MMIHS, and bring new insights to MMIHS pathogenesis. †
Introduction
Megacystis Microcolon Intestinal Hypoperistalsis Syndrome (MMIHS) (OMIM 249210) is the most severe form of intestinal obstruction in neonates. It was first reported by Berdon et al. in 1976 , and is characterized by non-obstructive bladder distension, microcolon and decreased or absent intestinal peristalsis (1) . MMIHS is a rare congenital disorder for which surgical intervention is normally required. However, this frequently results in futile therapy without improvement of the clinical symptoms. Pathological evaluation of intestinal biopsies collected from patients has resulted in different theories regarding the underlying cause of MMIHS. Some reports suggested a muscular problem (2) (3) (4) , while others stated that the main defect was neuronal with both increased and decreased numbers of neurons being detected (5) (6) (7) . Abnormalities of the interstitial cells of Cajal have also been associated with MMIHS pathogenesis (8, 9) . However, most of these findings were obtained in one or a few number of patients using different methods, and consensus regarding pathogenesis does not exist.
Familial appearance and parental consanguinity have been previously reported for MMIHS, suggesting that it is an autosomal recessive disorder (10, 11) . However, since most MMIHS cases are sporadic, it seems reasonable to hypothesize that locus heterogeneity exists, and that the genetic etiology of sporadic and familial MMIHS cases may differ. Recently, this hypothesis has been confirmed by the identification of pathogenic variants in two genes: the Enteric Smooth Muscle Actin γ-2 (ACTG2) gene and the smooth muscle myosin heavy chain (MYH11) gene. Heterozygous missense variants in ACTG2 were identified as the cause of sporadic MMIHS in three independent studies (12) (13) (14) , while a homozygous missense variant in MYH11 was identified in a newborn patient of consanguineous descent (15) . ACTG2 encodes one of the six actin isoforms present in humans and is specifically expressed in smooth muscle cells of the intestinal and urogenital tracts (12, 16, 17) . MYH11 encodes for the myosin heavy chain protein, one of the components required for smooth muscle contraction. Loss of Myh11 in mice has been reported to result in a bladder and intestinal phenotype reminiscent to the one seen in MMIHS patients (18) , supporting the involvement of this gene in MMIHS pathogenesis.
Interestingly, heterozygous missense variants in ACTG2 have also been described to cause another intestinal disorder, i.e. visceral myopathy (VM; OMIM 155310). Four families were reported with heterozygous ACTG2 variants affecting three different residues: R40 (missense), R148 (missense) and G269 (tandem base substitution) (13, (19) (20) (21) . Since MMIHS and VM are mainly characterized by inadequate contractility of the intestine and variable levels of bladder dysfunction (severe in MMIHS and often mild in VM), it is not surprising that the same gene is involved in the pathogenesis of both disorders. However, it raised the hypothesis that MMIHS and VM are one disease entity with different spectrums of severity.
Despite the identification of ACTG2 as a disease-causing gene for MMIHS, it is still unclear how variants in ACTG2 lead to its development. In this study, we confirm the involvement of ACTG2 in MMIHS, and bring new molecular insights into the mechanism associated with the pathogenesis of this disease.
Results

Heterozygous missense variants in ACTG2 are present in sporadic MMIHS patients
Since previous studies have implicated ACTG2 in MMIHS development, we screened our cohort of 11 patients for the presence of variants in this gene (Fig. 1A) . All patients presented with typical MMIHS features, including a microcolon and an enlarged bladder (Table 1) . In all sporadic MMIHS cases, a heterozygous missense variant in ACTG2 was identified (Table 2 ). In three of these cases, we were able to confirm the de novo status of the variants. However, for the remaining five patients, this was not possible due to unavailability of parental DNA. The missense variants identified in our patient cohort are located in three different exons of ACTG2, exons 3, 4 and 7 (Fig. 1B) , and are all predicted to be pathogenic by at least 2 of 3 prediction programs (PolyPhen, MutationTaster and Provean) ( Table 2) . None of these variants are present in the 1000 Genomes project database or in the Exome Sequencing project, but all of them have been reported before in MMIHS patients (Table 2 ) (12) (13) (14) . No variant in ACTG2 was identified in the three familial cases (F1, F2 and F3).
ACTG2 is expressed in all smooth muscle cells during human intestinal development
Since MMIHS is an intestinal congenital anomaly, we assessed the expression of ACTG2 in the human intestine ( jejunum/ ileum) at weeks 9, 11 and 22 of embryonic development, and at neonatal stage. At all developmental stages, ACTG2 was abundantly expressed in the cytoplasm of smooth muscle cells, including smooth muscle cells of the muscularis mucosa, inner circular layer and outer longitudinal layer of the muscularis propria ( Fig. 2A) . ACTG2 expression was also detected in vascular smooth muscle cells of the intestine, and surprisingly, in myofibroblast cells of the mucosal layer. Since myofibroblasts have been described to only express the smooth muscle actin α 2 (ACTA2) (22) , we cannot exclude the possibility that the antibody used recognizes both the α and γ smooth muscle actin isoforms, and could therefore, be unspecific for ACTG2.
MMIHS patients with ACTG2 variants do not show abnormal expression of ACTG2, or primary defects in any cellular constituents of the intestine To define the histopathological findings in MMIHS patients with an ACTG2 variant, we investigated the expression of ACTG2, neurofilaments, ACTA2, c-Kit/CD117, and tryptase by immunohistochemistry, in intestinal material obtained from three MMIHS patients (S1, S3 and S5). Intestinal specimens collected during autopsy from an age-matched control were used for comparison. In the three patients analyzed, we were unable to detect any difference in the expression levels of ACTG2 when compared with the control (Fig. 2B) . The same result was obtained for neurofilaments and ACTA2 (Fig. 2B, Supplementary Material, Fig. S1 ). An increased expression of c-Kit/CD117, a marker for interstitial cells of Cajal, was observed in the intestinal mucosa of Patients S1 and S3 (Fig. 2B, Supplementary Material, Fig. S1 ), but no change was observed in Patient S5. Considering that c-Kit/CD117 is also a marker for mast cells, a tryptase staining was performed, confirming that the increased expression of c-Kit/CD117 in these two patients was due to an increased number of mast cells.
Missense variants in ACTG2 lead to significant changes to the protein structure
To gain a better understanding of the possible mechanisms underlying the development of MMIHS, we performed molecular modeling and molecular dynamics (MD) simulations for ACTG2. Molecular modeling involves editing protein structures by, for instance, introducing amino acid substitutions into a known crystal structure of a protein. However, since molecular modeling is often insufficient to infer the functional role of such substitutions, MD simulations are often performed. Using this approach, the atoms of the (modeled) crystal structures are allowed to move according to the forces exerted by the surrounding environment (temperature, pressure, water, ions, nearby atoms, electrostatic interactions, hydrophobic interactions, etc.). Their motion can be measured at each time point of the simulation and followed for the entire duration of the movement. In the end, these motions are plotted as the root-mean square displacement (RMSD) from the initial crystal structure, over time. Therefore, higher RMSD values at a given time correspond to more structural differences in respect to the starting crystal structure, allowing prediction of the behavior of a (mutated) protein over time. The alphacarbons are usually the subset of atoms chosen for such analysis. Since they represent the 'skeleton' of the protein, their motion is more restricted than the side chains, which are more likely to suffer irrelevant high deviations associated to their intrinsic flexibility. Up to date, there is no statistical test that can be performed on RMSDs to assess significant differences. However, the persistence and the extent of the differences in RMSD, coupled with visual inspection of the simulated trajectories, are used to determine the relevance of such differences.
Since the human ACTG2 structure was not available, we used in this study the chicken actin gamma monomer, which is 99.2% homologous in primary sequence (they differ only by three residue). We systematically compared the structure of the entire ACTG2 protein or its main relevant sites, for wild type (WT) and mutants during 10 ns (Tables 3-6). All mutants displayed structural differences to some extent with respect to WT ACTG2 ( Fig. 3A and B) . However, the most striking observations were associated with the R178C mutant, which showed the highest RMSD of the alpha-carbon trace throughout the whole simulation time for the entire protein (Fig. 3B, Table 3 ). We also noticed that Subdomains II and IV behaved differently from WT, since they moved closer to each other over time, instead of moving slightly apart (Fig. 3A) . The average distance during the majority of the simulation time was about half compared with the WT (Fig. 3C ). Distances were computed between the alpha-carbons of Thr 67 (Subdomain II) and of Ala 205 (Subdomain IV), with an average of 7.3 ± 1.5 Å for R178C and 14.2 ± 1.5 Å for the WT (Fig. 3C) . The R40C mutant showed the lowest average RMSD value for the entire protein (2.536 Å compared with 2.856 Å for the WT), reflecting a less dynamic structure with respect to WT ACTG2, as well as for the ADP-ribosylation site (residues 174-182), with an average RMSD of 1.26 Å (compared with 1.82 Å for Tables 3 and 5 ). An exception to the generally lower structural deviations of the R40C mutant was observed for the region spanning residues 357-376, which belongs to the myosin-binding site. This region showed a significant displacement, having an average RMSD of 3.557 Å in contrast with 2.383 Å for the WT (Table 6 ). Moreover, the region spanning residues 41-53, belonging to the D-loop, resulted in lower RMSD values for the R40C mutant (4.995 ± 1.998 Å) when compared with the WT (7.061 ± 1.077 Å, Table 4 ).
ACTG2 polymerization is impaired by the presence of a missense variant
To further investigate the effect of the missense variants found in MMIHS patients on the overall function of ACTG2, we determined the localization of WT and mutant proteins with phalloidin, a known marker of filamentous actin (F-actin). We over-expressed a tagged version of ACTG2 WT and mutant proteins in a human osteosarcoma cell line (U2OS), and specifically looked for co-localization between ACTG2 and actin fibers. While the WT protein could incorporate into the actin filaments, no co-localization was observed for any of the mutants analyzed (Fig. 4A) . We further confirmed this finding by performing in vitro actin binding assays. In these assays, polymerized actin is pelleted by high-speed centrifugation, and the binding of ACTG2 to the actin filaments is determined by co-sedimentation. We found that while ACTG2 WT was able to pellet in the presence of F-actin, all the mutants analyzed remained in the supernatant both in the absence and presence of polymerized actin (Fig. 4B ).
ACTG2 missense variants reduce cellular contractility
Contraction and relaxation of smooth muscles occur in an involuntary manner and are critical processes for the normal functioning of the vascular, digestive, respiratory and urogenital systems (19) . ACTG2 is the main actin isoform present in visceral smooth muscle, and previous studies showed that its presence is necessary for the controlled dilatation of various muscular structures within the body (22) . Recent in vitro studies have also reported that ACTG2 is involved in cellular contractility, and that variants in ACTG2 lead to reduced cellular contraction (12, 19) . Therefore, we decided to investigate if the missense variants identified in our cohort of patients also affect cellular contractility. For that, U2OS cells were transfected with ACTG2 WT and mutant vectors, and cell contraction assays were performed in vitro based on the contraction of a collagen matrix. Our results showed that all missense variants analyzed affected cellular contractility (Fig. 4C ), but this effect was only significant (P < 0.05) for the variants affecting codon 178 (R178H, R178C, R178L; Fig. 4D ).
The ACTG2 variant R148S identified in visceral myopathy leads to similar in vitro changes as the ones described for MMIHS
Since heterozygous ACTG2 missense variants are also known to cause VM (13, (19) (20) (21) , we investigated the effect of one of these variants (R148S) on the structure and function of ACTG2. We performed molecular modeling and MD simulations, and the same set of in vitro assays described above for the MMIHS-associated variants. Our MD simulations showed that the R148S mutant protein behaved similarly to the WT, and we could only detect an increasing RMSD (for the entire protein trace) toward the end of the simulation (Fig. 5A) . However, this increasing RMSD is likely due to the high RMSD values for the residues belonging to the D-loop Table 4 ), an intrinsically flexible region. Exclusion of the D-loop from the analysis gave RMSD values for the entire R148S mutant protein comparable with the ones obtained for the WT and the R40C mutant (data not shown). The analysis of the 10 ns simulation also showed that the R148S variant led to specific structural modifications of the ACTG2 protein that are comparable with the R40C variant. Both these mutant proteins showed the lowest RMSD average values at the ADP-ribosylation site (1.260 and 1.350 Å for the R40C and R148S variants, respectively), which reflect a less dynamic structure when compared with the WT (1.820 Å) ( Table 5 ). They also presented the highest alpha-carbon trace displacements at the myosin-binding site (3.557 and 2.827 Å for the R40C and R148S, respectively) when compared with the WT (2.383 Å, Table 6 ), suggestive of structural differences at this site that could possible translate into suboptimal interactions with myosin. Our in vitro assays also showed that, similarly to what we observed for the MMIHS variants, the cellular localization of ACTG2 is disrupted by the presence of the R148S variant, as well as its ability to bind to actin filaments ( Fig. 5B and C) . Moreover, a reduction in cell contractility was detected in the presence of this variant, as previously described ( Fig. 5D and E) (19) .
Discussion
ACTG2 is the main actin isoform expressed in intestinal smooth muscle cells, and it is therefore, not surprising that changes affecting its structure lead to severe disruption of normal intestinal development and function. Recently, heterozygous ACTG2 variants have been identified as the cause of MMIHS (12) (13) (14) . In this study, we confirm the involvement of ACTG2 in this disorder, and show that the heterozygous missense variants associated with MMIHS are pathogenic, disrupting actin polymerization. As a consequence, cellular contractility is affected, which could account for the phenotypic abnormalities seen in MMIHS patients. Surprisingly, no differences in the expression levels of ACTG2, or any other major histological abnormalities, were detected in the intestinal biopsies of MMIHS patients, despite previous studies have reported pathological abnormalities associated with this disorder (2-9). However, since most of these studies did not provide a genetic etiology for the patients reported, and some abnormal findings, such as an increased number of mast cells, can be a secondary effect due to reactive changes normally associated with bowel obstruction, the use of histological analysis for diagnostic purposes still needs to be carefully evaluated. Of particular notice is a recent report describing differences in ACTG2 expression between one MMIHS patient carrying a R178H variant and a control (14) . In our study, two patients with a variant on the same codon were also analyzed immunohistochemically (Fig. 2B , Patients S3 and S5), but we were unable to find any differences when compared with the control. Although we find this discrepancy difficult to explain, we believe that the sample size in both cases is rather small and thus, any inferences must be treated with caution. To date, all ACTG2 variants associated with MMIHS affect specific residues strongly conserved among different species (Table 2 ) (12-14). There also seems to be an over-representation of variants associated with residue 178 in MMIHS (Fig. 1B, Table 2 ), which is suggestive of a possible mutational hotspot in this region. Since no clear loss of function variants (early stop codons or out of frame insertions/deletions) have been identified in any of the MMIHS patients reported, and no difference in ACTG2 expression levels has been found in patients and controls (Fig. 2B) , we hypothesize that the variants identified in ACTG2 are likely to have a dominant negative effect. Based on our functional studies, we cannot establish a genotype-phenotype correlation, since all the variants seem to behave in a similar way. However, considering that in our cohort, patients with a variant in residue 178 died a few days after birth, and the only patient alive has a R40 variant (S6), it is tempting to speculate that variants affecting residue 178 have a stronger dominant effect leading to a more severe phenotype. Interestingly, residue 178 of ACTG2 corresponds to residue 179 of ACTA2, which has been reported to be mutated in patients diagnosed with early-onset vascular disease associated with smooth muscle cell dysfunction (23) , and in a patient with prune belly syndrome (24) , supporting a stronger effect of this variant on the overall phenotype. Our MD simulations also corroborate this idea, since the structural changes assessed from visual inspection of the MD trajectories were generally more predominant for the R178 mutants when compared with the others. However, since our analysis focused only on the whole protein or specific regions (as described in Tables 3-6) , it is possible that we have missed subtle changes involving smaller sub-regions that might lead to significant local structural differences in functionally important domains. To further investigate and understand such changes, the crystal structure for each mutant protein should be determined and longer MD simulations (on the µs to ms scale) should be performed.
From our cohort of 11 MMIHS patients, 3 of them did not carry a variant in ACTG2 (F1, F2 and F3 ). These patients were considered to be familial cases. Since a homozygous variant in MYH11 (L1200 T) has been recently identified in a patient of consanguineous descent diagnosed with MMIHS and prune belly syndrome (15), we screened this gene in our familial cases. However, no variant was found in any of them (data not shown). The absence of ACTG2 and MYH11 variants in these patients strengthens the idea of locus heterogeneity and suggests the involvement of other genes in MMIHS pathogenesis. These genes would be associated to the familial cases, in which an autosomal recessive pattern of inheritance is expected. Since our immunohistochemistry data show that ACTG2 localizes to the intestinal smooth muscle, and myosin and actin are two major proteins involved in muscle contractility, MMIHS can be considered to result from a myopathic defect. Therefore, we believe that particular attention should be paid to other proteins involved in the contractile apparatus, as impaired function of any of these proteins could also possibly lead to the same syndrome or overlapping clinical entities. Alternately, Filamin A (FLNA), an actin binding protein with a well-characterized role in the cytoplasm, could also be considered to be another suitable candidate for MMIHS, especially because of its known involvement in other intestinal motility disorders (25) (26) (27) . VM and MMIHS are clinically two separate disorders with overlapping features. The main differences rely on the age of onset, MMIHS can be diagnosed prenatally due to a recognizable bladder distension while VM occurs during adolescence, and disease severity with most MMIHS patients surviving only a few days or months after birth. The identification of ACTG2 missense variants as the cause of both disorders led to their recent classification as ACTG2-related disorders, and suggested that MMIHS and VM could be one entity with a continuum of symptoms that vary in severity (28) . To investigate this possibility, we included one of the VM missense variants previously described (R148S) (19) , in our study, and analyzed its effect on the structure and function of ACTG2. Our MD simulations and in vitro results corroborated this idea, as the R148S variant affected ACTG2 structure and function in a similar way as the MMIHS variants. However, contradictory to what has been previously reported for VM patients carrying a R148S variant (19), we were unable to detect the presence of ACTG2 positive inclusions in any of the MMIHS patients analyzed by immunohistochemistry. We found instead a diffuse cytoplasmic distribution of ACTG2 (Fig. 2B) . Considering that we were unable to obtain material from a VM patient carrying the R148S variant, we cannot rule out the possibility that the R148S variant leads to specific localization changes of ACTG2 that do not occur in the presence of the MMIHS-associated variants. However, based on our results, we have no indication that MMIHS and VM are pathophysiologically different disorders. We can only hypothesize that variants identified in MMIHS cause specific conformational changes that do not occur in VM, but disrupt binding of ACTG2 to key interactors required for intestinal and bladder development, accounting for a more severe phenotype in MMIHS.
Materials and Methods
Patient information
In this study, a cohort of 11 MMIHS patients was analyzed. Eight of these patients were sporadic cases (S1-S8), two patients were siblings of consanguineous descent (F1 and F2), and one patient was derived from an isolated Dutch community where inbreeding was suspected and was thus, considered as a familial case (F3). Patient S1 has been previously reported (29) . Prenatal ultrasounds showed the presence of a distended bladder in the majority of the patients included in this study. A final MMIHS diagnosis was confirmed in all of them, due to the presence of a microcolon and distended bladder. All patients included in this study were Caucasian, except for Patients F1, F2 and F3 of North African ancestry. Written informed consent was given by the families, and ethical approval was obtained from the Erasmus Medical Center 
Sanger sequencing
Genomic DNA was isolated from peripheral blood lymphocytes using standard methods. DNA obtained from amniotic fluid was extracted using standard DNA isolation protocols for prenatal material (Chemagic DNA Blood Kit Special, Chemagen, Perkin Elmer). Exons 1-10 of ACTG2 were amplified using 15 ng of genomic DNA and the set of primers described in Supplementary Material, Table S1 . PCR products were purified (ExoSap it -GE Healthcare), and Sanger sequencing was performed with dye labeled primers (forward and reverse; Big Dye Terminator v3.1 Sequencing Kit, Applied Biosystems) on an ABI 3130XL genetic analyzer. Sanger reads were analyzed using SeqScape software. Intestinal paraffin-embedded material from Patient S1 was obtained from Stanford Histology/EM Laboratory of the Stanford University Medical Center. All human embryonic and neonatal intestinal tissues used as control were obtained from elective abortions or from patients in which the cause of death was not intestinal related. Immunostainings were performed using specific antibodies against ACTG2 (1:100; Novus Biologicals), neurofilament (1:600; Monosan), smooth muscle actin α2 (ACTA2; ready to use; Dako), tyrosin protein kinase kit (c-Kit/CD117) (1:200; Cell Marque), tryptase (1:1600; Dako) and synaptophysin (SP11) (ready to use; Ventana). 3,3′-Diaminobenzidine (DAB) chromogen (Ventana) was used for protein visualization, and sections were counterstained with hematoxylin. All images were taken with the Nanozoomer 2.0-HT (Hamamatsu Photonics) and analyzed with the Nanozoomer Digital Pathology viewer software (Hamamatsu Photonics). Negative controls performed with depletion of primary antibody were included for each staining and showed no signal in any of the material tested (data not shown).
Immunohistochemistry
Molecular modeling and molecular dynamics simulations
MD simulations of ACTG2 were performed using the structure of the chicken actin gamma monomer in complex with Dnase1 (PDB ID: 3W3D) (30) . In order to obtain only the actin subunit for subsequent MD simulations, removal of Dnase1, N-acetyl--glucosamine and alpha/beta--mannose structures was performed using the VMD software, version 1.9.1 (31) . Different ACTG2 mutants were produced using the in-built VMD plugin 'mutate residue'. Each mutant was then checked for chirality errors and cis peptide bonds to ensure proper geometry via dedicated VMD plugins. An explicit 15 Å-padding TIP3P water box was used to solvate the protein, and the system was neutralized with KCl. All-atom MD simulations were performed with the NAMD software on a 32-core Intel ® Xeon(R) CPU E5-2665 (32). Integration steps of 2 fs were used for minimization, equilibration and productive run in an isothermal-isobaric ensemble with a constant number of particles, pressure and temperature (NPT ensemble), in the presence of periodic boundary conditions (PBC) and Particle Mesh Ewalds (PME) for full electrostatics. The temperature of 310 K was ensured by Langevin dynamics with a damping coefficient of 2 ps, and pressure was maintained constant at 1.013 bar by a Langevin Piston. Minimization was performed for 20 ps and productive run for 10 ns. Simulations were performed using the same parameters for mutants and WT. Analysis was carried out with standard VMD Analysis tools. RMSD was calculated over the alpha-carbon traces every 50 ps.
Expression vectors
pCMV6-Myc-ACTG2 WT was purchased from Origene. All the mutants described were generated by site-directed mutagenesis on pCMV6-Myc-ACTG2 WT according to the manufacturer's instructions (QuickChange II site-directed mutagenesis kit, Agilent technologies). Primers used are listed in Supplementary Material, Table S2 . Following mutagenesis, the entire ACTG2 insert was checked by Sanger sequencing.
Cell culture and transfection
The U2OS cell line was cultured in DMEM with high glucose content (Lonza), supplemented with 10% fetal calf serum (Sigma-Aldrich) and 1% penicillin/streptomycin (Gibco). Cells were maintained at 37°C and 5% CO 2 . For transient transfection, 300 000 cells were seeded in 6-well plates. Transfection was performed 24 h after using GeneJuice transfection reagent (Millipore) according to the manufacturer's instructions.
Cell lysates and western blot analysis
Cells were washed with PBS and incubated with lysis buffer [m-PER (Thermo Scientific) containing protease inhibitors (Roche)], for 30 min on ice. Cell lysates were collected by scraping and cleared by centrifugation at 14 000 rpm for 10 min in a pre-cooled (4°C) centrifuge. Lysates were stored at −80°C before being processed further for SDS-PAGE and immunoblotting. Protein quantification was performed using a BCA kit (Thermo Scientific), and 30 μg of protein was loaded into a criterion TGX precast gel (BioRad). The following antibodies were used: Myc (Cell Signaling) and GAPDH (Millipore). Secondary antibodies used were IRDye 800CW goat anti-mouse and IRDye 680RD goat anti-rabbit (Li-Cor).
Microscopy and image analysis
For immunofluorescence, cells were cultured on cover slips. Four percent paraformaldehyde was used as a fixative, and cells were permeabilized with 1% BSA and 0.1% Triton X-100 in PBS. Myc antibody (Cell Signaling) was used at a concentration of 1:100, and Phalloidin-rhodamin (Santa Cruz Biotechnology) was used at a concentration of 1:500. Images were taken using a Leica (AOBS) microscope, and analyzed with the Leica LAS AF Lite software.
Actin binding assays
U2OS cells transfected with ACTG2 expressing constructs (WT and mutants) were lysed in an actin buffer (Cytoskeleton) containing 0.1% Triton X-100 (Sigma) and protease inhibitors (Roche). Lysates were centrifuged for 15 min at 14 000 rpm in a pre-cooled centrifuge (4°C), and supernatant fractions were incubated with polymerized actin (F-actin), generated according to the manufacturer's instructions (Cytoskeleton™). Polymerized actin was pelleted by centrifugation (100 000 G for 1 h) using the Airfuge, Air-driven Ultracentrifuge (Beckman-Coulter). Supernatant and pellet fractions were further analyzed by western blotting.
Contractility assays
Twenty-four hours after transfection with ACTG2 expressing constructs (WT and mutants), U2OS cells were trypsinized, and analyzed for their ability to contract. A cell contraction kit (Cell Biolabs) was used according to the manufacturer's instructions.
Supplementary Material
Supplementary Material is available at HMG online.
